Abstract. Optimal immunosuppressive therapy in acquired severe aplastic anemia (SAA) remains to be refined, especially cyclosporine (CsA) use. Current recommendations state that CsA trough blood concentrations (TBC) should be maintained between 200 and 400 ng/mL despite the lack of supporting data. This study aimed at quantifying relationships between CsA exposure and neutrophil response and determining an effective range for CsA TBC. Twenty-three SAA patients treated with CsA were retrospectively analyzed. Nonlinear mixed effect modeling approaches were used to develop a pharmacokinetic-pharmacodynamic model. The pharmacokinetic model described the relationships between CsA doses and TBC. The pharmacodynamic model allowed to estimate boundaries for optimal CsA effects, neutrophils being used as biomarker of response. A time-to-event model linked effective concentration to time-to-therapeutic success. CsA TBC were adequately described by a twocompartment model with first-order absorption, a lag time, and a linear elimination. The efficient range of CsA TBC was estimated between 87 and 120 ng/mL. Model-based simulations and external validation in three additional patients confirmed these results. This original modeling approach was successful in describing the relationship between CsA TBC and neutrophil response in SAA patients. Although further evaluation of the model is necessary, this work suggests that an optimal CsA TBC target of 100 ng/mL would be associated with a better neutrophil response in children with SAA.
INTRODUCTION
Severe aplastic anemia (SAA) is a rare hematologic disease resulting in a quantitative bone marrow insufficiency. Currently, aplastic anemia affects one to two persons per million population per year (1,2), with two incidence peaks, the first one between 10 and 25 years old and the second one over 60 years old (3) . Without treatment, this disease is fatal, mainly from infectious diseases due to immunodepression. The first-line treatment is bone marrow transplantation (BMT) from a matched sibling donor. If no genoidentical donor is available, the alternative is an immunosuppressive therapy (IST) including antithymocyte globulin (ATG) and cyclosporine (CsA) (4) (5) (6) . If no response is obtained, a phenoidentical allograft from voluntary donors is considered.
Since 2006, therapeutic recommendations have been as follows (7, 8) : horse ATG (hATG) 160 mg/kg then CsA 5 mg/kg/12 h for at least 6 months, with dose adjusted to maintain trough blood concentrations (TBC) between 200 and 400 ng/mL. This standard IST allows a hematological response at 6 months in about 60% of patients (9, 10) .
However, uncertainties remain about the links between SAA physiopathology and the IST mechanism of action. The response to IST suggests an autoimmune mechanism (11) , with the involvement of deficient regulatory T cells (Treg). Recently, it has been shown that Treg counts are reduced at diagnosis (12) (13) (14) (15) . Furthermore, Treg have been suggested as a prognostic factor for response to IST (16) . CsA appears to have a dual effect on Treg in vivo, depending on the concentration. At low concentration, CsA stimulates the Treg proliferation, while it inhibits their development at higher concentration (17) . This dual effect is not considered in the current recommendations for SAA treatment. In our experience, decreasing CsA exposure has been associated with a positive outcome in children who experienced an initial failure of IST (18) . This suggests a potentially positive impact of decreasing CsA TBC in SAA treatment. However, the effective range for CsA TBC has not been determined yet.
The objective of our study was to develop mathematical models to characterize the relationships between exposure to CsA and neutrophil response, and to determine the effective range for CsA TBC in children with SAA.
MATERIALS AND METHODS

Patient Recruitment
This was a retrospective analysis of patients with SAA who were treated in our center from 1998 to 2013. SAA was defined by two of the following criteria: absolute neutrophil count (ANC) <0.5×10 9 /L, platelets <20×10 9 /L, or hemoglobin <80 g/L with reticulocytes <20×10 9 /L (19). Patients were included if the full history of the following data was available: doses and measured CsA TBC, comedications, blood cell count (red blood cells, hemoglobin, reticulocytes, platelets, neutrophils, and lymphocytes), transfusions, and anthropometric data. Minimum treatment duration was fixed to 3 months.
Three patients who experienced failure after a first treatment course received a second course of IST because of the unavailability of phenoidentical allograft from voluntary donors. In such cases, the two sequences were considered as two independent individuals. The ethical committee's opinion was not needed for this observational study, in accordance with French legislation (20) .
Immunosuppressive Regimens
Patients received 160 mg/kg hATG or 18.75 mg/kg rabbit ATG. Initial CsA dose regimen was 5 mg/kg/12 h per os. CsA TBC were monitored once a week or less in outpatients. The initial CsA target of TBC was 150 ng/mL. CsA TBC were the same during the entire course of each patient. No granulocyte colony-stimulating factor has been used.
Population Pharmacokinetic/Pharmacodynamic Model
Population Approach and Software
Data were analyzed using nonlinear mixed effect modeling. Model building and parameter estimation were performed using the stochastic approximation expectation maximization (SAEM) algorithm (21, 22) implemented in the Monolix software (version 4.2.0; Lixoft) (23) .
The interindividual variability (IIV) in the model parameters (P, e.g., CsA clearance or volume of distribution) was described using an exponential model, which implies an assumed log-normal distribution of the parameters between individuals in the population:
where P i is the parameter P for the ith individual, P pop is the typical (average) parameter value in the population, and η pi is a random variable quantifying the variation from the typical (average) individual. The η pi are assumed to be normally distributed, with a mean of zero and a variance of ω p 2 .
Population Pharmacokinetic Model
To describe the relationships between CsA doses and TBC, one-, two-, and three-disposition compartment models, with various elimination models (linear or nonlinear), were tested. Since no pharmacokinetic (PK) information in the absorption phase was available, parameters related to the absorption (bioavailability, lag time, and first-order absorption rate constant) were fixed, according to the literature (24) .
The observed concentration value Cobs ij in the ith individual on the jth occasion was linked to the corresponding predicted value Cpred ij via a residual error model as follows:
where ε ij is a random variable with a standard normal distribution, and w ij is the standard deviation of the residuals (Cobs ij −Cpred ij ). Different residual models were tested: additive or homoscedastic model (w ij = a); proportional or heteroscedastic model (w ij = b⋅Cpred ij ); or a combined model
Þ, where a and b are constants.
In order to explain the IIV, continuous (COV cont ) and categorical covariates (COV cat coded as 0 or 1) were tested for potential effects on model parameters. The general equation of the relationship between parameter and those covariates was as follows:
where β cat and β cont quantify the effect of covariate on the parameter P distribution: the typical individual has COV cat =0 and COV cont =median COVcont . β cat is the average increase in the parameter P when COV cat =1 as compared to COV cat =0; β cont is the average increase in the parameter P per unit of increase in COV cont .
The following covariates were tested on each parameter, following a stepwise forward-backward selection procedure: age, sex, body weight (BW), height, body surface area (BSA), creatinine clearance, and cotreatment with a potent cytochrome 3A4 enzyme inhibitor (azole antifungals, macrolide antibiotics, calcium channel blockers).
In the forward step, the covariates were tested in a univariate manner on each parameter and retained if they significantly improved the model fit (likelihood ratio test (LRT), p<0.05). In the backward step, all significant covariates identified in the first step were included in the model and deleted sequentially. The covariates associated with a significant increase in the objective function (LRT, p<0.01) were kept in the final model.
In addition, BW was tested for potential effects on model parameters, those parameters being allometrically scaled to weight as follows:
where BW pop is the average weight in this population, BW i is the weight of the ith individual, and a is the allometric coefficient, being fixed to 0.75 for clearance parameters and 1 for volume parameters.
Pharmacodynamic and Time-to-Event Model
The response to treatment was defined as an ANC above 0.50×10 9 /L observed on two consecutive occasions, and the time-to-response (TTR) was defined as the delay between CsA treatment initiation and the second occasion confirming ANC above 0.50×10 9 /L. ANC was monitored twice weekly until response. Response to drug therapy was monitored up to 6 months in all patients, as a phenoidentical allograft is usually considered when no favorable response is observed within this time frame. The response to treatment on other blood cells was reported separately and was not considered in the model building:
-Red blood cell response if hemoglobin count >80 g/L and transfusion independence -Platelet response if platelet count >20 G/L and transfusion independence
The main assumptions for model development were:
-There exists a delay between kinetics of CsA blood concentrations and kinetics of CsA effects.
-There is an effective range of CsA TBC: the hazard of response is lower when the TBC is outside a range, to be determined; the hazard of response is maximal for an optimal CsA TBC value, being the centered value of the range.
These assumptions were translated into equations using the interface model (25) and time-to-event approaches. The interface model describes the profile of an assumed effective concentration (C e ) in an effect compartment, as a nonlinear function of CsA TBC. The function was adapted to estimate two bounds of CsA TBC defining an optimal range as follows:
where Ctrough is the CsA TBC predicted by the PK model, γ1 and γ2 are the lower and upper bounds of CsA TBC to be estimated by the algorithm, H1 and H2 are categorical variables whose values depend on Ctrough: H1 is equal to 1 if Ctrough is greater than γ1 and H2 is equal to 1 if Ctrough is lower than γ2, and H1 and H2 are equal to 0 otherwise. Ctrough, γ1, and γ2 are the input variables, and α is the output parameter (the elimination rate constant of effective concentration, to be estimated). As a result, C e may eventually increase only if Ctrough value is between γ1 and γ2; otherwise, it may decrease. Figure 1 represents the pharmacokinetic-pharmacodynamic (PK-PD) model structure.
A schematic representation of a typical time profile of CsA TBC (Ctrough) and the corresponding time profile for the effective concentrations (C e ) are given in Fig. 2 . The effective concentration increases when Ctrough is included in the interval γ1-γ2, and is eliminated with a rate constant α.
The TTR was modeled using time-to-event approaches (26) . The instantaneous hazard λ(t) is defined as the hazard of response to treatment at time t given that the patient had not responded at time t−dt (dt approaching 0). In our model, the instantaneous hazard was assumed to increase with the effective concentration C e . The equation linking the instantaneous hazard with the effective concentration C e was as follows:
where λ 0 is the instantaneous hazard of response without treatment (C e =0) and slope, constrained to be positive, is the rate of increase of the instantaneous hazard for one unit increase of C e . The probability density function for the distribution of events F(t), i.e., response to CsA treatment can be expressed as a function of the integrated hazard through time, taking therefore into account the whole profile of effective concentrations until time t:
In case of a patient not receiving effective concentrations of CsA (C e =0 at any time), the expression of the probability density function F(t) can be simplified to:
Model Evaluation
First, the quality of parameter estimation was assessed using the parameter uncertainty (standard errors obtained from a stochastic approximation of the Fisher information matrix) and the SAEM algorithm convergence. Secondly, we analyzed the goodness-of-fit criteria: comparison of population and individual predictions to observations, distribution of residuals and individual parameters, and minimization of the objective function value (OFV=−2log-likelihood). The addition of a parameter, e.g., the effect of one covariate on a PK parameter, into the model significantly improved the fit if an OFV drop greater than 3.84 with an α risk at 5% was observed for a candidate model, compared to a reference model. Finally, simulation-based diagnostics were performed with visual predictive checks where replicates of the original data are simulated given the model structure and parameter distributions and then compared to the observed data (27) .
Simulation-Based Determination of Target Concentrations
With the therapeutic range being defined by the two thresholds γ1 and γ2, several scenarios were simulated to assess the impact of the CsA TBC distribution on TTR. CsA TBC distributions in populations of 100 patients were simulated, with different median values (80, 100, 150, and 200 ng/mL) and different coefficients of variation around the target (10, 20, 30 , and 40%). Fifty replications of 100-patient populations were simulated. The TTR distributions were compared between scenarios using Kaplan-Meier survival plots and descriptive statistics, to identify the optimal target of CsA TBC. 
Application to New Patients
Three patients newly diagnosed with SAA were prospectively considered for an external evaluation of the model. The history of CsA TBC was used as an input in the model to predict TTR (median and confidence interval). The predicted TTRs were compared to the observed responses.
RESULTS
Patients
Twenty-one patients hospitalized in the Pediatric Hematology and Oncology Units (20 in the Lyon center and one in the Grenoble center), corresponding to 23 courses, were included in the analysis. Patients' characteristics are summarized in Table I .
Fifteen patients had neutrophil response to IST with an average time of 69 days (range 19-182 days). Among them, nine responded on red blood cells (three patients had Hb >80 g/L at SAA diagnostic, three were transfusion dependent after a 6-month treatment) with a mean of 102 days (range 32-174 days), and seven responded on platelets with a mean of 79 days (range 39-149 days), whereas eight were still transfusion dependent after a 6-month treatment. One patient relapsed at day 515 and died from pulmonary post-graft complications.
Among the eight patients who had no neutrophil response, all were still hemoglobin and platelet transfusion dependent after a 6-month treatment. Five received a phenoidentical allograft from voluntary donors, and three patients received a second course of IST. One patient died at day 67 post-graft from respiratory distress syndrome and pulmonary hemorrhage.
Pharmacokinetic Model
Three hundred forty-one CsA TBC were available for the PK model development. The median number of measurements per patient in the dataset was 14 (range 7-27).
CsA TBC were adequately described by a twocompartment model with a linear elimination. Populationtypical PK parameters and associated IIV are listed in Table II .
All the parameters were well estimated, as shown by the relatively low values of relative standard errors. Residual variability was described by a combined proportional and additional error model. BW was found to influence the volume (V 1 , V 2 ) and clearance (Cl, Q) parameters, those parameters being allometrically scaled to weight as Eq. 4 with the allometric coefficient fixed to 0.75 for clearance parameters and 1 for volume parameters. No additional covariate was found as significantly improving the model. The plot of model-based individual predictions of CsA TBC versus observations is shown in Fig. 3 . Acceptable predictive performance was observed, with limited bias.
The profile of TBC (Ctrough) along the entire therapy was predicted for each individual and used as an input in the pharmacodynamic (PD) model. TBC was used as PK criterion because it is the monitoring criterion over time. This allows to define the effective range and the target concentration with respect to blood sampling in practice. Table II . The estimated lower and upper bounds of the therapeutic target range (γ1 and γ2 parameters) were 87 and 120 ng/mL, respectively. Those values were estimated with very good precision (relative standard error <5%). The estimated half-life of the effective concentration (i.e., ln2/α) was 25 days. No IIV could be estimated on these parameters (IIV fixed to 0 for all the parameters). Figure 4 represents the distribution of the model-based probability of response over time and the observed distribution of TTR. Given the limited number of individuals, the standard deviation of the probability density of the observed response is relatively large. The model satisfactorily described the probability of response to treatment in the patient group.
Simulation-Based Determination of Target CsA TBC
Simulations performed with the model using various target values showed that CsA TBC had a large impact on the probability of response to treatment (Fig. 5) . The best probability of response was achieved with 100 ng/mL (Fig. 5b) , which was in agreement with the 87-120-ng/mL range previously identified. Higher (150 or 200 ng/mL) or lower (80 ng/mL) CsA TBC values were associated with a large decrease in the probability of response to treatment.
Simulations were performed considering several levels of variability (from 10 to 40%, data not shown): when the target was 100 ng/mL, increasing the variability would decrease the probability of response; when the target was either 80, 150, or 200 ng/mL, increasing the variability would improve this probability since more concentrations have the chance to fall within the therapeutic interval.
Application to New Patients
TTRs were predicted for three additional patients, based on the proposed model and the observed CsA TBC. Patients' characteristics are summarized in Table III . For the three patients, TTR-predicted distribution was remarkably consistent with the observations (Fig. 6 ). Although these validation data are very limited, the model performance in predicting TTR was satisfactory. DISCUSSION SAA is a rare and potentially fatal disease that results in pancytopenia and hypocellular bone marrow (28, 29) . This work has broad scientific importance in SAA treatment. The first-line treatment is genoidentical BMT. However, in two thirds of cases, no suitable donor is available and IST becomes necessary. The response rate to IST varies from 60 to 80% with a survival rate at 5 years ranging from 55 to 80% (7, 9) . Hematological response rarely occurs before 4 months. Disease-free survival is estimated at only 40% at 10 years (30). Apart from unrelated BMT, few alternatives are available for nonresponders to IST. But transplantationrelated mortality after unrelated BMT is not negligible, with a 5-year overall survival of 51% (31) . Increasing the probability of response to IST might permit to avoid numerous and hazardous BMT, with a positive impact on supporting care costs. Because of its large PK variability and its toxicity profile, CsA presents a narrow therapeutic index. Current guidelines recommend a target TBC range somewhat large, as high as 200 to 400 ng/mL (8) . The choice of these values has not been supported by any PK/PD data.
In recent years, new data on SAA physiopathology have been published. It has been shown that a T-lymphocyte subpopulation, Treg, is involved as in many other autoimmune diseases. Solomou et al. (12) have shown that the number of Treg was decreased in patients with aplastic anemia. More recently, Sutton et al. (16) demonstrated that Treg were a good prognostic factor for response and severity of aplastic anemia. In addition, it has been shown that the effect of CsA on Treg depends on its concentration. Low CsA concentrations allow Treg expansion, whereas high concentrations lead to a decreased Treg number (17, 32, 33) . This phenomenon can be explained through interleukin-2 (IL-2) action. CD4+ T-cell differentiation in Treg involves moderate concentrations of IL-2. However, IL-2 production is inversely related to CsA concentrations (34) . Insufficient exposure to IL-2 caused by high CsA concentration may result in the inhibition of Treg formation. But excessive exposure to IL-2 due to very low CsA concentrations may compromise Treg expansion. This assumption is also supported by some studies establishing that only ultralow doses of IL-2 are necessary to a better expansion of Treg (35) (36) (37) .
The involvement of Treg and the concentrationdependent effect of CsA on IL-2 inhibition suggest that there may exist an effective range of CsA exposure in the treatment of SAA, but it has not been identified so far in clinical practice. The main result of this study is consistent with the relationships between Treg, IL-2, and CsA described above. We used mathematical modeling to investigate the relationships between CsA exposure and treatment response based on neutrophil count in 20 children (during 23 treatment courses) with SAA. Then, we used this model to determine the range of CsA TBC associated with optimal response.
To date, no relationship has been established between the PK and the PD of CsA in SAA, and no PK model of CsA has been presented in this disease so far. This is also the first study using a quantitative, model-based approach of CsA optimization in children with SAA.
The PK model was a two-compartment model. This is consistent with previous PK studies of CsA in children (24, 38) . The estimated parameter values were comparable to those found in the literature (24, 39) .
The proposed model has been linked to TTR after CsA treatment initiation. This approach is quite original, as few This work was based on data collected during routine patients' care. In this setting, only trough concentration was available, which is a rude surrogate of CsA exposure, but rich sampling was impossible in these children. However, the PK-PD model fulfilled the objective of describing CsA TBC and the time course of the response in the study population and predicting the response in three additional patients. TTR was linked to CsA TBC via an interface model. Similar to the socalled effect compartment (40) , the interface model is a virtual compartment, directly linked to the effect but mimicking a delay in the effect. This is exemplified by the difference between the estimated half-life of the effective concentration (about 25 days) and CsA half-life in blood (about 2.6 h). Moreover, the interface approach allowed us to state and to estimate a therapeutic window for CsA exposure. We estimated that a 87-120-ng/mL range of CsA TBC was optimal for response to treatment in this patient population. The boundaries of this range were estimated with very good precision. Our results suggest that current recommendations regarding the use of CsA in SAA should be revised and that lower doses and CsA exposure should be investigated in clinical studies. Although our findings need to be confirmed in a larger patient population, they are in agreement with the biological rationale of CsA action on Treg explained above and our experience with salvage therapy of refractory SAA (18) . By decreasing CsA exposure, fewer toxic events (e.g., nephrotoxicity, hypertension) could be expected. However, our study was not designed to investigate cyclosporine tolerance. Further randomized studies are needed to evaluate the potential benefit of low CsA TBC on toxicity.
Although the model performance was satisfactory, there are several limitations in this work. Model building and validation were limited by a small number of patients. The rarity of this disease justifies the apparently small number of patients included in this analysis. Moreover, this was a retrospective study. Our results need to be confirmed in a large prospective cohort of children with SAA. Finally, we used ANC as response criterion, while usual criteria include hemoglobin, platelets, and ANC (19) . Several reasons can justify this choice: a neutrophil response allows children discharge from hospital. While red blood cells and platelets can be supplemented, growth factors have no impact on neutrophil response (41) . Also, neutrophils usually respond first, then red blood cell and platelets. In our study, average time of response was 69 days for ANC, 79 for platelets, and 102 for red blood cells. Finally, from a modeling point of view, including criteria based on erythrocytes and platelet values would have confounded any PK-PD analysis because of numerous transfusions (autologous erythrocytes could not be identified).
CONCLUSION
Using PK-PD modeling, we described the relationships between CsATBC and the time course of neutrophil response to treatment in children with SAA. An efficient target range of CsA TBC was derived from the model. This range (87-120 ng/mL) suggests that CsA concentrations lower than those currently recommended may be associated with a better rate of response on ANC in children with SAA. Those findings need to be confirmed in a larger, prospective clinical study.
